Introduction
[2] The SCS is the largest semi-enclosed marginal sea in the Northwest Pacific with several passages leading to neighboring waters (Figure 1 ). Its connection to the Pacific is through the Luzon Strait, east of which the Kuroshio flows northward. Another important connection is the Mindoro Strait to the Sulu Sea.
[3] The upper layer circulation over the deep basin of the SCS is driven mainly by the monsoon, with significant influence from the Kuroshio for its northern part [Qu, 2000; Su, 2003] . In the winter there is a generally cyclonic gyre over the entire deep basin of the SCS, while during the summer there is a cyclonic gyre north of about 12°N and an anticyclonic gyre south of it. Associated with these gyres are coastal jets, a southward jet along the entire western boundary in winter and, in summer, a northward jet south of about 12°N and a southward jet along the northwestern boundary. The northward jet turns offshore from the Vietnam coast near 12°N in summer, identifiable from its accompanying upwelling characteristics [e.g., Kuo et al., 2000] . This area is also where a mean current crosses the SCS and exits through the Mindoro Strait [Metzger and Hurlburt, 2001a] . The year-round southward coastal jet in the northern SCS will be called the Dongsha Current (DC) because of its proximity to Dongsha Islands [Su, 2003] . Southwest of Taiwan there is a small but seemingly yearround anticyclonic gyre [Su et al., 1999] .
[4] Embedded in the gyres are many mesoscale eddies, observed from both hydrographic [Chu et al., 1998; Su et al., 1999] and altimeter data [Shaw et al., 1999; Hwang and Chen, 2000] . Based on 5 years of altimeter data over the SCS from 1992 to 1997, significant mesoscale variability in the SCS are found only in two narrow strips north of 10°N [Wang et al., 2000] . The stronger one lies along the northern/western boundary near the 2000 m isobath over the lower continental slope where the DC flows nearby. The other is a NE-SW strip about 450 km wide, extending from the Luzon Strait to the Vietnam coast. However, there are only few works on the mechanisms of their generation [Liu and Su, 1992; Metzger and Hurlburt, 2001a; Cai et al., 2002] . Based on the sea surface height anomaly (SSHA) from multiple satellite dataset during 1993 -2000, this study focuses on the life history statistics of eddies in the SCS.
Data and Eddy Identification
[5] We use a multiple altimeter dataset in 1/8°Â 1/8°grids from the US Naval Research Laboratory, derived from the TOPEX/POSEIDON (T/P), ERS and Geosat Follow On (GFO), with the orbit error and tides removed, as discussed by Jacobs et al. [2002] . We extracted a dekad (synoptic 10-day) composites covering the period from 1/1993 to 12/2000. To avoid aliasing from residual tidal effects, we apply a simple Hanning filter with a period around and shorter than 60d [Wang et al., 2000] .
[6] From the processed 8-year time series of SSHA, we identify and track the evolution of mesoscale eddies in the SCS according to the following 5 criteria: (1) There exist closed SSHA contours; (2) The center of the eddy is over water deeper than 1000 m; (3) The SSHA difference between its center and its outermost contour, M, is greater than 7.5 Â 10 À2 m [Roemmich and Gilson, 2001] ; (4) The eddy can be tracked forward over 3 data points (30 days) under criterion 3; (5) If the above four criteria are satisfied it may be tracked back in time provided M stays greater than 4.0 Â 10 À2 m. The 5th criterion is chosen because the measurement error of the SSHA is around 2 $ 3 Â 10 À2 m. Altogether, 10 eddies were back-tracked in this way, 3 for 40 days, 2 for 30 days, 3 for 20 days and 2 for 10 days.
[7] Most of the tracked eddies were over waters deeper than 2000 m. There were 5 eddies, however, that traversed briefly over waters shallower than 1000 m during their long journey. Four of them passed near the Dongsha Islands and the other one crossed over a plateau south of Taiwan. In these five particular cases we have waived the 2nd criterion.
[8] Overall, our identifications of eddy location and occurrence check well against hydrographic observation by Chu et al. [1998] , Su et al. [1999] , Fang et al. [2002] , the ATLAS mooring buoys of the Tropic Atmosphere Ocean (TAO) Project, as well as our own hydrographic observation in August 2000. However, our results support
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Geographical Grouping of the Eddies
[9] A total of 86 eddies generated and decayed in the SCS between 1993-2000 have been identified. To facilitate discussion of the statistics, we group them into 4 geographical zones according to where they were first formed (Figure 1) . Delineation of the zones is based on the limited knowledge of the eddy generation mechanisms in the SCS. They are, respectively, Z1: Southwest of Taiwan, Z2: Northwest of Luzon, Z3: Southwest of Luzon and Z4: Offshore of Central Vietnam. The second zone actually extends all the way west to the 1000 m isobath.
[10] Zone Z1: With a 6-layer numerical model, Metzger and Hurlburt [2001a] finds that pinch-off of an anticyclonic eddy (A-eddy) can occur when the Kuroshio intrudes deeply into Z1. A subsequent work by Metzger and Hurlburt [2001b] showed that, when grids finer than 1/16 degree are used, deep Kuroshio intrusion into the SCS is less likely because of better representation of the small islands in the Luzon Strait. Indeed, so far synoptic observations have found the Kuroshio intrusion limited to approximately 119°E [Su, 2003] . Nevertheless, frontal instability at the Kuroshio intrusion could be one mechanism in shedding mesoscale eddies [Wang et al., 2000; Su, 2003] . Such intrusion usually takes place during the winter monsoon [Wang and Chern, 1987] .
[11] Zone Z2: Metzger and Hurlburt [2001a] also finds that generation of A-eddy can occur in August/September west of the Babuyan Islands in eastern Z2. A likely mechanism generating a cyclonic eddy (C-eddy) is the intense positive wind stress curl offshore northwest of Luzon in winter . A third mechanism arises from the (positive) vorticity advected westward from the Kuroshio front [Liu and Su, 1992] . Their reduced-gravity model shows a large basin-scale fluctuating cyclonic gyre, inside of which a C-eddy is periodically developed at its eastern end, migrates westward and eventually pinches off. In the process, an A-eddy with less strength is also induced southeast of the gyre. We note that such mechanism is likely stronger in winter when the Kuroshio intrudes into the SCS.
[12] Zone Z3: In northern Z3, C-eddies were found with AXBT data [Chu et al., 1998 ] and a warm pool in the upper 300 m was identified with hydrographic data [Su et al., 1999]. Using a coupled single-layer and two-layer hybrid model, Cai et al. [2002] suggested that, in winter, interaction between strong barotropic shelf currents and the local topography can generate an A-eddy over a deep trough in southern Z3. However, satellite altimetry data do not show high mesoscale variability in that area [Wang et al., 2000 ; also Section 4].
[13] Zone Z4: Synoptic surveys often found eddies in Z4 [Su et al., 1999; Fang et al., 2002] . The strong eastward baroclinic jet around 12°N in summer (reaching from the Vietnamese coast to close to 115°E based on our SSHA results) is likely to generate eddies. So far there is no published work on eddy generation in this area, although model results did find dipole mode off Vietnam in summer [Metzger and Hurlburt, 2001a] .
Results and Discussion
[14] Of the 86 identified eddies with complete life history between 1993 -2000, 58 and 28 are, respectively, A-and C-eddies. A typical eddy in the SCS has a lifetime about 130 days, With a mean M and radius around, 14 Â 10 À2 m and 300 km, respectively. C-eddies originated mainly in Z2 and Z4, and only 1 (2) was identified in Z1 (Z3), respectively (Table 1) . These 3 C-eddies will not be included in the following discussion on eddy statistics. There were also more A-eddies generated in Z2 and Z4. The annual number of generation of C-eddy, A-eddy and both eddies ranges, respectively, 2 $ 7, 6 $ 9 and 9 $ 14. There is a high percentage of occurrence of multiple eddies in a dekad during 1993 -2000, although in 15% of the period there were no occurrence of C-eddies (Table 2) .
[15] A-eddies in Z2 and C-eddies in Z4 both have a comparatively higher average lifetime-mean M than the other groups of eddies (Table 1) . We may approximate the relative vorticity () of an eddy simply by the difference between ÁV/ÁX and ÁU/ÁY, where ÁX (ÁY) is the latitudinal (meridional) extent of the eddy, and ÁU (ÁV) the difference between the meridional (latitudinal) velocity at both ends of ÁY (ÁX). Now we find that the A-eddies in Z1 and C-eddies in Z2 both have considerably larger magnitude in their respective average lifetime-mean than those of the other groups of eddies (Table 1) . This difference between the statistics of M and is due to the combined effects of variations in M, D, and the Coriolis parameter (f ), because, for a circular eddy, the magnitude of its is equal to 8gM/fD 2 , where g is the gravitational acceleration.
[16] Zone Z1: 13 of the 14 eddies identified in Z1 are anticyclonic, 10 of which generated during the northeast monsoon (at least one each year), consistent with the eddy generation mechanisms discussed in Section 3. On average, compared to eddies generated in other zones, A-eddies in Z1 have small radius and short lifetime, and do not travel far. Some stayed inside the small anticyclonic gyre SW of Taiwan and others traveled to the Dongsha Island area. One A-eddy generated in 1996, however, traveled fast WSW over 800 km in distance (Figure 2a) . It is the strongest and largest of the 13 A-eddies.
[17] Zone Z2: Most of the C-eddies in Z2 are generated during the northeast (NE) monsoon, consistent with the C-eddy generation mechanisms discussed in Section 3. The tracks of the C-eddies trace the pattern of a cyclonic gyre (Figure 3b) . The average travel distance of A and C eddies in Z2 is about 400 km, rather far for eddies in the SCS. A-eddies tend to occur after the cessation of the NE monsoon and/or during the southwest (SW) monsoon. Inducement of A-eddy in the process of C-eddy generation through vorticity advection could be one mechanism. Likelihood of A-eddy generation through KuroshioBabuyan Islands interaction is difficult to assess because of the lack of data. The tracks of the 7 A-eddies centered initially north of 18°N also trace the pattern of a cyclonic gyre, while 9 out 11 of the A-eddies centered initially to the south traveled west or west of southwest (Figure 3a) . However, uncertainty in identifying the position of an eddy center is likely to be 1/4°in latitude. We also note the generation of 4 A-eddies during the strong ENSO event between 4/1997 and 6/1998.
[18] Zone Z3: 9 of the 11 eddies identified in Z3 are anticyclonic, generated during or immediately after the NE monsoon. There were no eddies generated in 1995 and 2000. The only 2 C-eddies were generated in 1997 during the strong ENSO event, and, interestingly, only one A-eddy occurred in the last dekad during 1997 -1998. All eddies in Z3 traveled west or west of northwest (Figure 2b ). On average, compared to eddies generated in other zones, A-eddies in Z3 have long lifetime and travel far and fast.
[19] Zone Z4: The strong eastward jet during SW monsoon is usually accompanied by a dipole with an A-eddy (C-eddy) south (north) of the jet (Figure 4a ). There is, however, equally likelihood of A-eddies generation during the NE monsoon. Two scenarios may be identified. One scenario is that, amidst the general cyclonic winter circulation background, a large anticyclonic gyre off the Vietnamese coast around 12 $ 14°N is either present throughout the winter or evolves gradually. From this gyre an A-eddy emerges. The other scenario is that an A-eddy appears to grow from a disturbance from the east. As discussed above in [11] there are two possible mechanisms generating A-eddies. In fact, numerical results of Metzger and Hurlburt [2001a] show that the A-eddy arising from Kuroshio-Babuyan Islands interaction in summer can sometimes reach Vietnam in winter. For either scenario the end result is a different type of dipole with an A-eddy north of a C-eddy (Figure 4b) . Compared to the A-eddies in summer, the winter ones are much weaker.
[20] Mesoscale eddies are a constant feature in the SCS. Our geographical classification is a useful first step in gaining an overview of their generation, but not their dynamics. Likely mechanisms include the Kuroshio intrusion SW of Taiwan, vorticity advection from the Kuroshio, Kuroshio-Island interaction, the eastward baroclinic jet off Vietnam and the intense wind-stress curl northwest off Luzon. Other eddy generation mechanisms remain to be identified. 
